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Prof. Dr. A. Büschges terpretation of behavioral studies based on transgenic strains. We can show that under relatively unconstrained conditions individuals of different Drosophi-1 4 1 la strains cover a broad range of speeds during walking. We find that leg coordination pat- terns change gradually and systematically with walking speed. This suggests that the neural respect to walking behavior. Furthermore, removing one of the hind legs reveals that Droso-
phila is capable of adapting its leg coordination immediately, thereby maintaining the ability to propel itself forward even after major biomechanical changes in its walking apparatus. of legs (Hughes, 1952; Wilson, 1966) . These tripod groups consist of an ipsilateral front and hind leg, and a contralateral middle leg (L1, L3, R2, and R1, R3, L2, respectively). Tripod case at the highest end of the aforementioned speed-dependent continuum. In its ideal form, The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 9 one tripod group, while the legs associated with the other tripod group are on the ground.
4 4
However, using this strict definition of tripod coordination is problematic, mainly because of 2 4 5 two reasons. First of all, in this strict sense, tripod coordination occurs only very rarely; even 2 4 6 during highly coordinated walking random fluctuations or small systematic shifts in the phase 2 4 7 relations between legs of one tripod group tend to persist (Bender et al., 2011) ; in addition, it 2 4 8 is known that in most insects the legs of one tripod group are not completely in phase 2 4 9 (Hughes, 1952) . Secondly, concentrating on this narrow aspect of inter-leg coordination po-2 5 0 tentially diverts attention from other interesting coordination patterns which do not happen to 2 5 1 fall under the tripod definition but might nevertheless be highly regular. In order to address 2 5 2 this conceptual problem, we used a more flexible description of tripod coordination: we de- phases of all legs associated with a tripod group concurrently overlapped for at least one frame of recorded video. Here, this is equivalent to 2 ms; for comparison, typical swing dura- from the strict definition of tripod coordination, which is defined as simultaneous liftoff and 2 5 8 touchdown of the legs in a tripod group. In addition, once a walking pattern was defined as tripod, we determined the tripod coordination strength (TCS) which we obtained as follows. First, we calculated the time from the earliest swing onset to the latest swing termination. This 2 6 1 gave us time t 1 , during which at least one of the three legs was in swing phase. Then we de-2 6 2 termined time t 2 , during which all three legs were in swing phase at the same time. The ratio 2 6 3 t 2 /t 1 then described the TCS. A TCS of 1 indicated perfect tripod coordination; it approached 2 6 4 0 when the temporal relation of swing phases shifted to other coordination patterns (e.g. see tern in which exactly two legs are lifted off the ground at a particular time (Graham, 1985; 2 6 7 Hughes, 1952). Therefore, a walking pattern was defined as tetrapod when, during one step, used this classification schema on a step-by-step basis; each step was evaluated separately and can either be classified as tripod, tetrapod, or undefined, never as two of the above. Although tripod coordination was predominantly found at high speeds, tetrapod coordination was most 2 7 6 frequently found at intermediate speeds, and undefined coordination was most common at low
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 10 speeds, the classification was completely agnostic with regard to the walking speed during a 2 7 8 particular step. Each coordination class could have occurred at any speed. 
Results

8 1
The four different strains of Drosophila studied here were similar in size and weight ( Table   2  8 In a first set of experiments, we studied leg kinematics and inter-leg coordination in wt CS dur-
ing spontaneous walking. Generally, animals generated walking sequences that were straight
and the features of which were in accordance with previously published findings (Strauss and
Heisenberg, 1990; Strauss and Heisenberg, 1993) . Legs were coordinated in tripod fashion, as
exemplified in the trial displayed in Figure 2Ai recorded trials of wt CS were qualitatively similar to the one shown in Fig. 2Ai . Movement speed was always relatively constant during each trial; in the sequence shown in Fig. 2Ai , for ever, over all trials, average walking speed ranged from 5 to 16 BL s -1 . This was equivalent to of all six legs were relatively straight and almost parallel to the longitudinal body axis ( swing activity on average (Fig. 2C ). Legs were generally coordinated in tripod fashion; how-
ever, the front leg of a tripod group tended to initiate its swing phase first, followed by the
middle leg with a phase shift of approx. 15°. The middle leg was in turn followed by the hind
leg with a further phase shift of 15° (Fig 2C) .
Only during particularly slow walking sequences tripod coordination was more variable. An
example for this is shown in Fig. 2Aii . Here, a section of 0.5s from one of the slower trials in
wt CS is shown (approx. 7 BL s -1 on average). However, even during these slowest walking 3 0 9
sequences coordination was still tripod, according to our conservative definition (see hig-
hlighted area in Fig. 2Aii ), and phase relations were similar to those of the faster trials ( onset was directed posteriorly, the order of swing onsets on each body side was always di-
rected anteriorly, beginning with the hind leg, followed by the middle leg and finally the front 3 1 4 leg, after which the next series starts again with the hind leg.
As it is known that insects walking in tripod coordination adapt swing duration depending on 3 1 6 step cycle period (Graham, 1985) , we examined this relationship for wt
CS
. We found that 3 1 7
swing duration indeed moderately correlated with cycle period (Fig. 3A) ; this was true for the 3 1 8 complete data set (Fig. 3A , black regression line, coefficient of determination R 2 = 0.37), as
well as for individual trials (Fig. 3A, line, R 2 = 0.16), this relation cannot be shown reliably for individual trials (Fig. 3D , gray re-
gression lines).
Wild-type strain Berlin (wt Berlin )
We then collected data for the wt Berlin (Fig. 4 ). Similar to wt CS flies, wt Berlin almost exclusively 3 2 9
used tripod coordination during all recorded trials. As an example for comparatively strict 4Ai; highlighted area; Fig. 4C ; magenta points for the sequence shown in Fig. 4Ai ). In analo-
gy to wt CS , we found that the front legs of a tripod group initiated swing first, followed by the
middle legs, which in turn were followed by the hind legs ( Fig. 4C , blue data points). Only
during very slow walking sequences, tripod coordination became more variable and we also 3 3 9
found intermittent tetrapod coordination ( Fig. 4Aii ; highlighted area); this was also reflected
in the phase relations which started to deviate more pronouncedly from the typical tripod pat- tern (Fig. 4C , green data points). These shifts to tetrapod coordination were rare though (see 4D), while it did not depend on step amplitude (Fig. 4E ). shorter than 0.5 body lengths and thus shorter than for the other two strains (Fig. 5B ). Indi-
viduals of w 1118 often used tripod coordination (e.g. Fig. 5Ai ; see highlighted area), although individuals; 713 steps). Nevertheless, according to our conservative definition inter-leg coor-
dination was still tripod on average (black lines in Fig. 5C ). This variability can partially be
attributed to the fact that at lower speeds animals no longer used tripod but instead used tetra-
pod coordination ( Fig. 5Aii ; highlighted area with one asterisk) or even wave gait-like coor- points for the trial in Fig. 5Ai ; blue points for all data). Still, even in the slowest trial the suc-
cession of swing phase onsets on a body side was directed anteriorly. The walking speed of 3 6 4 w 1118 flies strongly correlated with cycle period (Fig. 5D) . We found only a weak correlation
between walking speed and step amplitude (Fig. 5E , R 2 = 0.17). The octopaminergic neurotransmitter system has been implicated in the regulation of walking rarely walked at higher speeds as exemplified for a single trial in Fig. 6Ai (see highlighted
area for an instance of tripod coordination). Again, average stance trajectories were parallel to
the longitudinal body axis and were slightly shorter than those in the strain w 1118 (Fig. 6B) .
However, average phase relations of swing onset were no longer typical for tripod coordina- areas: * tetrapod; ** wave gait-like coordination; green points of this sequence in Fig. 6C ). In
analogy to the other strains examined here, the succession of swing onset on each body side is Inter-leg coordination depends on movement speed
While all strains used tripod coordination during fast walking, at lower speeds inter-leg coor-
dination became more variable or changed to other patterns such as tetrapod coordination. Based on this observation, we wanted to know whether inter-leg coordination depends syste-
matically on walking speed. Therefore, we first determined the relative frequency of occur-
rence of tripod, tetrapod, and undefined coordination in all four fly strains. We found that wt flies tetrapod and undefined coordination patterns represented almost one third of all patterns 3 9 7 (Fig. 7A) . When we pooled the data of all strains and plotted the relative frequency of occur-
rence of coordination types in three different speed ranges we found that tetrapod and unde-3 9 9
fined coordination patterns occur almost exclusively at speeds below 5 BL s -1 (Fig. 7B) . Be- seems to be able to also use tetrapod coordination or even wave gait.
1 2
Inter-leg coordination changes after loss of one hind leg
The results presented here suggest that Drosophila's walking system does not generate a fixed 4 1 4 motor output. Instead, it seems to be able to flexibly produce inter-leg coordination patterns
which change in a systematic and gradual fashion with walking speed. At very slow walking
speeds, Drosophila uses wave gait; with an increase in speed, inter-leg coordination then tran-
sitions to tetrapod and finally becomes tripod at the highest speeds. In order to further study flies shortly after the removal of one hind leg (Fig. 8) . The loss of a leg drastically changes
the body geometry and if the animal wants to continue walking successfully it has to adapt its that sensory information originating in the legs is taken into account by the neural system that 4 2 3
generates walking behavior.
2 4
We observed five changes in the walking behavior of flies after the loss of one hind leg: (i)
wt CS flies with a missing hind leg walked on average slower than intact animals of the same 4 2 6 strain (Fig. 8 A; cf. Fig. 2 A) . Average walking speeds ranged from 1 to 13 BL s -1 , which is the body coordinate system (Fig. 8B) . Generally, we found an outward shift of AEPs and
PEPs. In addition, especially in the remaining middle and hind legs these positions were also to the lesion (leg I3) was, on average, no longer in phase with the ipsilateral middle leg (C2); it increased its phase with regard to I3 to 0.85 rad (Fig. 8C ) as compared to the intact animal
in which the phase of C2 with regard to I3 was 0.16 on average (Fig. 2C) . Furthermore, the ( Fig. 8Aii) . The correlation between walking speed and cycle period was still present though, animals also used tetrapod coordination more frequently (Fig. 7B) . Finally, at very low no clearly separable gaits and, more specifically, the neural controller producing inter-leg
coordination is not restricted to a fixed tripod pattern.
5 9
This notion is substantiated by amputation experiments, in which we examined the walking tioned in a broader frame, the stance trajectories of the remaining middle and hind legs were 4 6 5 elongated while the phase of these legs was increased.
6 6
Changes in inter-leg coordination related to walking speed
In the first part of the present study we have analyzed walking in the Drosophila strains wt Heisenberg, 1993), respectively. Average walking speed for w 1118 was reported to be approx. mm/s were found (Strauss and Heisenberg, 1990) . These values correspond with our data in
which we find only slightly lower speeds for wt Berlin (11 -34 mm/s). It has to be noted though that we used a different behavioral paradigm than previous studies. Some of these used Buri-
dan's paradigm (Bülthoff et al., 1982; Götz, 1980) (Strauss and Heisenberg, 1990). These authors, however, examined stride length, while the 4 9 0 present study focused on step amplitude (see also Materials and Methods section). The find-
ings presented here do not contradict the previous ones; here, however, we wanted to disso-
ciate the effect body translation during swing phases has on stride length from actual adapta-
tions in leg kinematics during a step cycle. As a consequence, our findings indicate that Dro-
sophila controls walking speed solely by adjusting step cycle period while it keeps step ampli-
tude mostly constant.
9 6
Strauss and Heisenberg (1990) reported that Drosophila uses tripod coordination for a large 4 9 7
part of the observed speed range. They found tetrapod coordination only during "... decelera-
tion episodes prior to turns or to a complete stop,...". In general, we can confirm these find-
ings. However, in the present study Berlin flies also spontaneously generated relatively slow
walking bouts. In these trials we found that inter-leg coordination deviated from a strong tri- tern generally change systematically and continuously with walking speed.
0 7
It is important to emphasize what a decrease in TCS means with regard to inter-leg coordina- overlap in these cases might be more consistent with coordination patterns that conventionally
have rather been associated with tetrapod coordination. In addition, examining the two mutant uses tetrapod and instead coordinates its legs in a pattern that resembles wave gait, a pattern 5 1 8
first described for larger insects (Hughes, 1952; Wilson, 1966) .
Interestingly, it appears that inter-leg coordination in Drosophila reflects all possible coordi-
nation patterns known in insects. Studies on inter-leg coordination in other, much larger in-
sects, including cockroaches and beetles (Hughes, 1952 ), or grasshoppers (Burns, 1973 ,
showed that inter-leg coordination is tripod only at high walking speeds and short cycle pe-
riods. At lower speeds inter-leg coordination becomes increasingly variable, including tetra-
pod walking patterns. However, in these studies the examined species often differed noticea-
bly in size and weight. Burns (1973) , for instance, studied two orthopteran species, locusts
and grasshoppers, which differed in size by a factor of two. With respect to a systematic anal-
ysis of inter-leg coordination and walking speed previous insights derive from studies on ants dination related to walking speed. They proposed the term ambling gait for inter-leg coordina-
tion that is found during slow walking. It is important to note that although cockroaches tend
to move the legs of a tripod group simultaneously at low speeds the coordination pattern be-
comes much more variable and there does not seem to be a fixed coupling anymore. When insect, inter-leg coordination in Drosophila is not fixed, but changes systematically and grad- we found that swing duration was uncorrelated with walking speed. These findings have im-
plications for the organization of the neural structure controlling walking in Drosophila: there
is no justification to hypothesize a specific neural tripod generator in Drosophila.
This conclusion is corroborated by the changes observed in inter-leg coordination following
the loss of one hind leg in wt CS , which is the strain that had the most robust tripod coordina-
tion pattern. We found that inter-leg coordination as well as stance kinematics changed after
the loss of one hind leg (Fig. 8) . In the present study, compensatory changes were observed on 5 5 6 two different levels: the temporal and the kinematic level. With regard to temporal coordina-
tion, the stepping activity of the remaining legs, specifically the contralateral middle and hind
legs, was modified such that the now absent support of the missing hind leg was compensated.
9
Swing phase activity in the contralateral hind and middle legs was delayed as compared to an posture. In addition, the extended stance trajectory of the ipsilateral middle leg nicely corres-
ponds to Cruse's coordination rule 1 (Cruse et al., 1998; Dürr et al., 2004) . This rule ensures as a function of walking speed (black: data from all trials; magenta: data from Ai; green: data
Step amplitude as a function of walking speed (black: data from all trials; ma-
genta: data from Ai; green: data from Aii). the 0.5 s of the trials shown in Ai (magenta graph) and Aii (green graph) (BL = body lengths;
R1, R2, R3: right front, middle, and hind leg; L1, L2, L3: left front, middle, and hind leg). set and end of complete step cycles in the faster trial, green bars in the slower trial, respective- Cycle period as a function of walking speed (black: data from all trials; magenta: data from 8 2 5
Ai; green: data from Aii). E:
Step amplitude as a function of walking speed (black: data from 8 2 6
all trials; magenta: data from Ai; green: data from Aii). phases in the legs of one tripod group. swing onset of all legs with respect to the left front leg (blue: data from all trials; magenta: ta: data from Ai; green: data from Aii). For comparison, gray inset shows rescaled data from ta: data from Ai; green: data from Aii).
